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Abstract
Anthropogenic carbon dioxide (CO2) emissions into the atmosphere are yielding serious impacts
across the world’s ocean, including ocean acidification, sea level rise, and increasing seawater
temperature. However, these changes are not occurring uniformly across all marine ecosystems.
Coastal ecosystems, such as mangroves, already experience extreme and variable environmental
conditions due to natural biogeochemical and physical processes. The goal of this study was to
document small-scale variability in two urban mangrove ecosystems to gain insight into how ocean
acidification will manifest within these systems. Using a stand-up paddleboard, a suite of sensors,
and traditional bottle sampling techniques, we measured temperature, salinity, oxygen, and
carbonate chemistry over short spatial distances (meters to kilometers) and timescales (minutes to
days) in the surface waters of Whiskey Creek and West Lake (Fort Lauderdale, FL). While
Whiskey Creek exhibited greater day-to-day variability in carbonate chemistry than spatial
variability on any single day, the magnitude of spatial and temporal variability in West Lake was
similar. Total alkalinity (TA) and dissolved inorganic carbon (DIC) were highly correlated in both
systems, as is common for coastal ecosystems. Both sites showed a correlation between salinity
and TA and DIC indicative of a freshwater source of both alkalinity and inorganic carbon. The
ratio of TA:DIC changed from day-to-day in both systems based on mixing between fresh and salt
water. Our results indicate that while a multitude of complex factors control the carbon chemistry
of these two mangrove systems, buffering capacity (e.g., TA:DIC) is largely controlled by
freshwater inputs. Further quantifying the drivers of seawater buffer capacity in coastal ecosystems
could provide a way for managers and conservationists to locally manage the global trend of ocean
acidification.

Keywords
Climate change · Mangrove ecosystems · Coastal ecosystems · Carbonate
chemistry · Ocean acidification · Carbon dioxide
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Introduction
Increasing anthropogenic carbon dioxide (CO2) emissions into the atmosphere are
altering the global carbon cycle. These changes include serious consequences for the world’s
oceans and the organisms that inhabit them. Rapidly warming surface ocean waters, sea level
rise, and ocean acidification (OA) have been the most noticeable consequences of climate change
in marine ecosystems thus far. Specifically, in the last four decades, the global ocean temperature
has risen by ~1° C (Hughes et al. 2018) accompanied by an increase in extreme climatic events
called marine heatwaves (Oliver et al. 2018). Rising temperatures are triggering thermal
expansion and melting glacial ice which together are driving global sea level rise at a rate of ~3.3
mm/yr. (Nicholls and Cazenave 2010; Pachauri et al. 2014). Roughly 30% of anthropogenic CO2
has been absorbed into the oceans resulting in ocean acidification and a decrease in seawater pH
of ~0.002 units per year (Bates et al. 2014; Carter et al. 2019). All these changes together
represent major global stressors to marine ecosystems. However, these changes are not occurring
uniformly across the global ocean and the various impacts of climate change are manifesting
differently at the regional level, especially in coastal ecosystems (He and Silliman 2019).
Changes in the inorganic carbon chemistry of coastal ecosystems are governed by many
drivers beyond the excess anthropogenic CO2 absorbed by the ocean. Any biogeochemical
processes that affect the total alkalinity (TA) and dissolved inorganic carbon (DIC)
concentrations of seawater can influence the carbon chemistry dynamics of these ecosystems in
unique ways (Fassbender et al. 2016; Waldbusser and Salisbury 2014). Research is starting to
recognize that global changes to the ocean’s carbonate chemistry will vary depending on the
interaction of many local biogeochemical and physical processes (Duarte et al. 2013;
Kapsenberg and Cyronak 2019; Pettay et al. 2020; Torres et al. 2021). Whereas the carbon
chemistry of the open ocean is relatively stable, natural variations in coastal regions are high,
driving regional differences in ocean acidification intensity and trajectories (Carstensen and
Duarte 2019; Duarte et al. 2013). Some coastal regions already experience the environmental
conditions (e.g., low pH and high temperatures) that are expected to be observed in the open
ocean by the end of the 21st century due to climate change (Duarte et al. 2013; Kapsenberg and
Cyronak 2019). Therefore, it is critical to measure and monitor the current fluctuations of carbon
chemistry within dynamic and heterogenous coastal environments to establish a baseline of how
local variability in carbon chemistry might interact with future global trends.
6

To correctly predict and mitigate the looming effects of increased anthropogenic CO2 on
coastal ecosystems, it is necessary to have a better understanding of the short-term, small-scale
variability of the carbon chemistry that organisms living there currently experience. Although
global trends in temperature and CO2 of the world’s open oceans are relatively well documented
(Bates et al. 2014), how these global trends will interact with the dynamic variability in coastal
environments is just becoming understood (Cyronak et al. 2019; Jury et al. 2013; Pacella et al.
2018; Torres et al. 2021). The global trend of ocean acidification is likely to increase
spatiotemporal variability in many aspects of the seawater CO2 system for coastal environments
(Jury et al. 2013; Pacella et al. 2018; Shaw et al. 2012). Stemming from biogeochemical and
physical processes, coastal environments such as seagrass beds, coral reefs, and mangrove
forests already undergo extensive variability in their environmental conditions and carbon
chemistry over short spatial (meters to kilometers) and temporal (minutes to days) scales,
variations akin to short-term weather on land (Bates et al. 2018; Camp et al. 2016a; Cyronak et
al. 2018a; Takeshita et al. 2018). Combined with shifts in local sea level, precipitation patterns,
and temperature, coastal systems are likely to undergo unique climate change trajectories
depending on the local hydrodynamics and other processes along the land-sea continuum.
Coastal mangroves exist at the interface between land and sea, forming thick forests in
tropical to subtropical latitudes between 30° north and 30° south (Kathiresan and Bingham
2001). Generally, their latitudinal ranges extend more broadly along warmer eastern coastlines
rather than cooler western coasts that experience frequent upwelling. In the southeastern region
of the United States, Florida’s mangroves are estimated to cover 469,000 – 667,000 acres (1,900
– 2,700 km2). Of the many species of mangroves worldwide, the Red (Rhizophora mangle),
White (Laguncularia racemosa), Black (Avicennia germinans), and Gray Buttonwood
(Conocarpus erectus) mangroves are the common species in Florida. With a human population
of almost 10 million, many of South Florida’s mangroves grow in close proximity to heavily
urbanized areas. Along the southeastern coast of Florida, most continuous mangrove forests are
in state parks at the edge of urban cities and international shipping ports. Mangrove forests
provide critical ecosystem services including providing habitat for a myriad of organisms and
acting as nursery grounds for numerous fish species that spend their adult lives in other habitats
(Kathiresan and Bingham 2001; Manea et al. 2020).
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Mangroves also play a critical and unique role in the global carbon cycle. As atmospheric
CO2 concentrations increase, vegetated coastal ecosystems, such as mangroves, could be
important in the long-term storage of blue carbon, which could account for as much as 50% of
the carbon buried in all marine sediments (Alongi 2012; Duarte et al. 2004; Kathiresan and
Bingham 2001; Rosentreter et al. 2018; Simpson et al. 2019). Mangroves can also be a lateral
source of dissolved inorganic carbon and total alkalinity to the coasts, with many biogeochemical
processes creating dynamic carbon chemistry conditions within the mangrove waters (Maher et
al. 2013; Sippo et al. 2016). The coastal nature of mangrove environments results in a strong
influence of precipitation on seawater carbonate chemistry through multiple freshwater inputs
such as groundwater, rivers and streams, and surface water runoff (Rheuban et al. 2019;
Waldbusser and Salisbury 2014). Understanding the complex drivers of seawater carbonate
chemistry within these ecosystems is valuable for understanding how local variability will
interact with global ocean acidification, and in turn impact the organisms inhabiting mangrove
systems.
While it is well documented that mangroves exhibit wide ranges in environmental
conditions such as temperature and salinity, our quantitative knowledge on the variability of
seawater CO2 chemistry is not as robust (Alongi 2012; Kathiresan and Bingham 2001). A
compilation of carbon chemistry data from mangrove systems worldwide reveals pH values as
low as 6.54 (Moreton Bay, Australia) and as high as 8.06 (SE Sulawesi in the Pacific) (Table 1)
(Call et al. 2015; Camp et al. 2016b). Seawater pH has been shown to range as much as 1.3 units
over tidal and diurnal cycles at a single location (see Table 1 for exact locations) (Call et al.
2015; Camp et al. 2019; Satheeshkumar and Khan 2012). Globally, there is considerably less
data regarding dissolved inorganic carbon and total alkalinity in mangrove systems. However,
spatiotemporal ranges in alkalinity are as low as 200 µmol kg-1 in Bermuda and as high as 2000
µmol kg-1 in the Central Red Sea, suggesting regional differences in biogeochemical cycles.
Seawater chemistry not only affects the organisms living within mangrove habitats, but benthic
and pelagic organisms can exert control over seawater carbon chemistry through diverse
metabolic processes (Chen et al. 2021). The biological communities found within the sediments,
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◊
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ml*l-1
µmol*kg-1
mg*l-1

Table 1. The average and range of physical and chemical parameters from previously published studies of mangrove ecosystems and this current study.

the intertidal zone, and in the water column can modify the ratio of alkalinity to dissolved
inorganic carbon, a strong control on overall CO2 chemistry, through their oxic and anoxic
metabolic activity (Table 2) (Enochs et al. 2019; Ho et al. 2017; Sippo et al. 2016). Additionally,
local sources of groundwater and freshwater discharge can be important drivers of seawater
carbonate chemistry of mangrove systems (Maher et al. 2013; Rheuban et al. 2019; Santos et al.
2012; Taniguchi et al. 2019). The hydrodynamics of coastal systems also play a role in
modifying carbon chemistry, with residence time of water within the ecosystem, water column
depth, and general flow patterns acting as important drivers (Cyronak et al. 2019; Falter et al.
2013; Takeshita et al. 2018). Consequently, many complex biogeochemical and physical
processes control CO2 chemistry within mangrove systems, making them difficult ecosystems to
study.

The goal of this study was to document the small-scale spatial (meters to kilometers) and
temporal (minutes to days) variability within two South Florida urban mangrove ecosystems. To
accomplish this, we used seawater chemical sensors and traditional bottle sampling techniques to
characterize the variability in seawater surface temperature (SST), salinity, dissolved oxygen
(DO), pH, total alkalinity (TA), and dissolved inorganic carbon (DIC). The objective was to get
a better understanding of how the carbon chemistry of Florida mangrove ecosystems varies and
explore the implications this variability has on future ocean acidification trajectories in these
ecosystems.
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Materials and Methods
Study Sites
This study focused on the environmental variability found in two mangrove ecosystems
of Broward County, Florida, Whiskey Creek (WC) in Dr. Von Mizell-Eula Johnson State Park
and West Lake (WL) in Broward County’s West Lake Park (Figure 1). Both sites are popular
state and county parks with aquatic recreational activities taking place daily. All field surveys
were conducted by towing sensors attached to the underside of a stand-up paddleboard (SUP)
and collecting bottle samples for lab analysis, similar to Bresnahan et al. (2016). All field
surveys were conducted towards the end of the rainy season in August through October of 2020.
All weather data was taken from the NOAA National Center for Environmental Information data
repository from the Ft. Lauderdale International Airport weather station (station
#USW00012849).

Figure 1. Site map showing the two mangrove sampling sites Whiskey Creek and West Lake along the southeastern coast of
Florida (USA) (a).Whiskey Creek mangroves are located in Dr. Von D. Mizell-Eula Johnson State Park (b) and the West Lake
mangroves are in Broward County’s West Lake Park (c).Temperature, pH, oxygen, and salinity sensors were towed through the
water and 20 ml bottle samples collected at each sampling station numbered above.
* Note: Sample station 7 in West Lake was removed from the study after the first survey due to accessibility.
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Whiskey Creek
There are ~0.73 km2 of mangroves within Dr. Von Mizell-Eula Johnson State Park
located on a barrier island off of Fort Lauderdale, Florida. The park is surrounded by the busy,
deep-water Port Everglades Inlet to the north, Florida’s Intracoastal Waterway (ICW) to the
west, and the Atlantic Ocean to the east. The ICW is a narrow waterway that runs parallel to the
coast, separating the mainland and barrier islands that face the Atlantic Ocean. Whiskey Creek is
a 2-mile (3.23 km) linear saltwater mangrove creek running north and south along a narrow strip
of the barrier island. Inlets directly connect the creek to the ICW with the northern entrance of
the creek located at 26° 4'56.26"N, 80° 6'46.52"W and the southern exit at 26° 3'20.24"N, 80°
6'51.09"W (Figure 1). In addition to the inlets on both ends of the creek, several small winding
passages pervade the mangroves along the main channel. The northern end of the creek is in
close proximity to the Port Everglades Inlet, and because of the two large inlets, it is expected
that the residence times of the water are relatively short compared to the second study site (West
Lake Park). There were 8 spatial surveys conducted in Whiskey Creek during the summer of
2020 on August 4th, 10th, 18th, and 27th; September 9th, 11th, and 17th; and October 5th. Parts of
Whiskey Creek are impassable during low tide, so surveys were conducted around high tide.

West Lake Park
West Lake Park is on the mainland of the Florida peninsula set just southwest of Whiskey
Creek. It is a protected County park with about 4.6 km2 of mangroves spread along a much
wider, rectangular area than in Whiskey Creek (Figure 1). West Lake’s mangroves are directly
adjacent to several homes and apartment buildings along the southern and western edges. West
Lake Park sits further from Port Everglades, and likely experiences less direct exchange with the
Atlantic Ocean due to restricted connections with the ICW and its width. Though there are
numerous small passages throughout the forest bordering the ICW, the main entrance channels
are long and narrow, surrounded by dense mangroves, likely making the lake’s residence time
longer compared to Whiskey Creek. From the northern end of the lake (26° 3'8.95"N, 80°
7'25.47"W), it is a 2.21-mile span (3.56 km) to the southern exit channel (26° 1'13.95"N, 80°
7'24.39"W) back into the ICW. Six spatial surveys were conducted through West Lake on
August 7th, 25th, and 31st, and September 8th, 15th, and 22nd. The path and sample array through
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West Lake was coordinated to include measurements from within the smaller mangrove creeks
that feed into the larger open body of waters that make up the estuarine lake.

Data Collection
Surveys through the study sites were conducted by fitting stand-up paddleboards with a
suite of autonomous data loggers and custom-built sensor packages, similar to the design in
Bresnahan et al. (2016). The sensors included a custom built miniFET, which housed a
Honeywell Durafet pH sensor similar to a SeapHOx (Bresnahan et al. 2021), a PME miniDOT
dissolved oxygen sensor, and an Odyssey conductivity and temperature logger (Dataflow
Systems, Ltd.). The miniFET was calibrated to bottle samples taken at the beginning of each
survey, and recorded pH (±0.01 units) and temperature (±0.1 °C) every 10 seconds. The Odyssey
sensor logged conductivity (±3%) and temperature (±0.1 °C) every 10 seconds and was
calibrated to a YSI Pro20 salinity sensor that was calibrated to generic conductivity standards.
The miniDOT was factory calibrated and measured dissolved oxygen (±5%) and temperature
(±0.1 °C) every 60 seconds. All sensors were affixed to the underside of the SUP so that the
sensing surfaces were continuously flushed with seawater as the paddleboard moved. In-situ
temperature was determined by taking the average of all three sensors at each time point. Data
from the in-situ sensors were synchronized according to the timestamp of the measurements. The
final compiled data was set at the frequency of the miniDOT at 60 seconds. Latitude and
longitude were also synchronized with the sensor data via timestamp and recorded using the
Android app My Tracks. The routes established for the study were designed to capture the spatial
variability in chemical and physical parameters throughout each system while making it
logistically possible on stand-up paddle board. We analyzed the temporal variability of the
ecosystems by tracking the changes from survey to survey and through the entire survey period,
while spatial variability was defined as the range in seawater chemistry observed during any one
survey.
In addition to near continuous measurements with the sensors, discrete samples of surface
water were collected in accordance with Dickson’s best practices for CO2 measurements
(Dickson et al. 2007). Following Dickson’s procedures to properly collect and store seawater to
minimize gas exchange with the atmosphere, water was collected at predetermined stations
(Figure 1; Table 3) into 20-mL borosilicate glass bottles and preserved with 100 µl of saturated
13

HgCl2 to inhibit biological activity. After each survey, the sample bottles were stored in the lab
at ambient room temperature until analyzed. An 888 Metrohm Titrando titrator with an 806
Dosimat and Metrohm pH glass electrode were used to measure total alkalinity via
potentiometric acid titration. The HCl concentration (~0.1 M) was calibrated using Dickson
Certified Reference Materials (CRM). CRMs were run periodically throughout each survey batch
to check the instrument for drift and precision (S.D. = 2.0 µmol kg-1). Dissolved inorganic
carbon (DIC) was calculated using CO2SYS adapted for Excel (Pierrot et al. 2006) with the
dissociation constants of Merhbach et al., 1973, refit by Dickson and Millero, 1987 and the NBS
pH scale. Initial pH was measured before the titration started using the glass electrode in the
NBS scale. Using this combination of instruments and approach with CO2SYS has shown to be
robust for calculating the other carbonate chemistry components (Cyronak et al. 2013),
especially in highly variable coastal ecosystems. However, the miniFET pH was used for all
future analysis since it was an independent measurement from the TA titrator. Comparing pH
measured from the miniFET and the Metrohm glass pH electrode revealed good agreement (R2 =
0.78 ; p < 0.01) (Figure 2) with slight variations likely related to the mismatched timing between
sensor measurements and discrete bottle sampling.
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Data Analysis
All statistical analyses, including linear regressions (fitlm) and one-way ANOVAs
(anova1 and multcompare) were performed in Matlab (MATLAB R2020b). One-way ANOVAs
were run to test significant differences between the different sampling dates in each mangrove
system. For both linear regressions and ANOVAs, p-values less than 0.05 were considered
statistically significant. Due to the differences in sampling schemes, one-way ANOVAs were not
used to directly compare means between Whiskey Creek and West Lake. However, ANOVAs
were used to test for differences in the linear relationships between various chemical parameters
within each system. Throughout the paper spatial and temporal variability are referred to, with
temporal variability being the day-to-day changes over the sampling period and spatial
variability representing the changes through space on any given day in each system.
The change in TA (ΔTA) and DIC (ΔDIC) outside of what is expected from conservative
mixing between open ocean seawater and freshwater sources was calculated by subtracting the
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measured value from the conservative mixing line where the TA due to conservative mixing
(Cmix) is:
𝐶𝑚𝑖𝑥 = (𝑓𝐹𝑊 ) (𝐶𝐹𝑊 ) + (𝑓𝑆𝑊 ) (𝐶𝑆𝑊 )

(Eqn. 1)

𝑓𝐹𝑊 and 𝑓𝑆𝑊 are the fraction of the mixture that is derived from freshwater and seawater,
respectively, and CFW and CSW are the concentrations of solutes (i.e., TA and DIC) in the
respective freshwater and seawater endmembers. The fractions of seawater and freshwater at
each measurement point in the conservative mixing line were calculated as:

𝑓𝑆𝑊 =

𝑆𝑠𝑎𝑚𝑝𝑙𝑒
𝑆𝑆𝑊

𝑓𝐹𝑊 = 1 − 𝐹𝑆𝑊

(Eqn. 2)

(Eqn. 3)

where Ssample is the salinity measured from the discrete samples and SSW is the average salinity of
the seawater endmember. Seawater endmembers were taken as the average offshore values from
Enochs et al. (2019). Freshwater endmembers were determined from the y-intercept of linear
regressions between each solute and salinity in the two different systems (Table 4).
From these calculations, the ΔTA and ΔDIC (ΔC below) were calculated as:

ΔC = 𝐶𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐶𝑚𝑖𝑥

(Eqn. 4)

where ΔC is the solute concentration measured from the discrete samples (i.e., ΔTA and ΔDIC).
The ΔTA and ΔDIC were then analyzed via linear regression analysis to help determine the
biogeochemical processes responsible for the removal or addition of TA and DIC within the
mangrove systems (Sippo et al. 2016).

16

17

Results
Weather during the sampling period was typical for South Florida’s rainy season,
characterized by high temperatures and mostly clear skies punctuated by frequent but brief
rainfall (Figure 3). Over the course of the study, air temperatures averaged 27 ± 1°C (±SD),
ranging from 23 – 34°C. Precipitation throughout the sampling period totaled 19.08 mm, most of
which (14.35 mm) occurred during the last half between 08-Sept-2020 and 05-Oct-2020. Tidal
height gradually increased during the sampling period, with a total tidal range of 1.5 m (Figure
3). In both locations, all sampling was done during a rising tide, however, there were statistical
differences in mean tidal heights during the different sampling days (ANOVA; WC: p < 0.01,
WL: p < 0.01). Critically, while the differences in mean tidal height were significant, the
absolute range between the means of each sampling period were relatively small (WC = 0.23 m,
WL = 0.87 m). The spatial and temporal variability of environmental parameters within Whiskey
Creek and West Lake Park are outlined in the two sections below.

Whiskey Creek
The mean sea surface temperature (SST) in Whiskey Creek was 31.2 ± 1.7°C (±SD),
ranging 5.5 degrees over the course of the whole sampling period (Table 5). Between survey
dates, SST showed significant differences (ANOVA; p < 0.01). Spatially, SST was relatively
stable from the north to south entrance on any given sampling day, ranging from 0.5 to 1.3 °C
(Figure 4). The temporal variability over the course of all surveys was greater than spatial
variability on any one day. The mean salinity was 33.0 ± 4.2 and ranged from 17.2 to 39.2 over
the course of the study, with statistically different salinity values between the different sampling
dates (ANOVA; p < 0.01). Similar to temperature, salinity did not show much spatial variability
except for slightly wider ranges on 27 August and 05 October (4.6 and 6.1 units, respectively).
18

There was greater temporal (day-to-day) variability in salinity over the entire survey period
compared to the spatial (station-to-station) variability during any one survey. Over the course of
the study there was a weak, linear relationship between SST and salinity (R2 = 0.17, p < 0.01)
within Whiskey Creek (Figure 5).
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Dissolved oxygen averaged 132.0 ±38.3 µmol kg-1, with a range of 200.8 µmol kg-1,
while pH averaged 7.89 ± 0.1 with a range of 0.5 units over the course of the study (Figure 4;
Table 5). Both dissolved oxygen and pH had significant differences in their means between the
different survey dates (ANOVA; p < 0.01). Compared to the relative spatial stability of
temperature and salinity, variability of DO and pH increased moving deeper into the mangroves.
Both DO and pH remained relatively stable at the northern mouth of the creek before
demonstrating a noticeable rise or drop around 1.5 km into the mangroves. Each survey showed
DO and pH changing in parallel, with a high positive correlation between the two (slope = 0.002;
R2 = 0.70; p < 0.01; Figures 6 & 7), indicating that variations in pH were due to metabolic
activity (i.e., net community production). Both DO and pH exhibited a positive linear
relationship with SST and salinity in Whiskey Creek, most likely related to mixing of warmer
offshore Gulf Stream waters.

The carbonate chemistry parameters of TA and DIC exhibited high variability through
both space and time in Whiskey Creek. TA averaged 2916.3 ± 163.9 µmol kg-1 with a broad
range of 684 µmol kg-1. DIC had a wider range in concentration of 848.3 µmol kg-1, averaging
20

2780.3 ± 194.0 µmol kg-1 (Figure 8). Unlike for DO and pH, in all cases, TA and DIC increased
considerably further into the mangroves with a sudden steep rise in concentration between 2 –
2.5 km into the mangrove system (Figure 9). However, the averages of both TA and DIC during
any one survey day varied by 370.1 and 414.8 µmol kg-1, respectively, with significant
differences in both TA (ANOVA; p < 0.01) and DIC (ANOVA; p < 0.01) concentrations (Figure
8). Both TA and DIC increased with decreasing salinity, most likely indicating a freshwater
source of both to Whiskey Creek. TA and DIC exhibited a strong, positive correlation to each
other (R2 = 0.90; ANOVA: p < 0.05) with a slope of 0.80 (Figure 10).
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West Lake
West Lake sea surface temperature had a mean of 30.6 ± 1.2 °C with a range of 4.8
degrees over the course of the whole sampling period, with significantly different SST values
between the different survey dates (p < 0.01) (Table 5). The spatial range of temperature during
each individual survey varied from 1.1 to 2.0°C (Figure 4). Similar to Whiskey Creek, the
temporal variability over the course of all surveys was greater than the spatial variability for any
individual day. Salinity averaged 30.5 ± 6.04 and ranged from 10.5 to 40.2 (ranging 29.8 units)
through the course of the study, with salinity showing significant differences between the
surveys (p < 0.01). Throughout the course of sampling in West Lake, both SST and salinity
showed a slow, gradual decrease throughout the sampling period, which may be related to the
amount of rainfall that occurred in the second half of the study (Figures 3 & 4). Furthermore,
there was a positive linear correlation between SST and salinity, stronger than the relationship in
Whiskey Creek (WL: R2=0.69, WC: R2 = 0.17; p < 0.01; Figure 5). Overall, all environmental
parameters in West Lake exhibited broader temporal variability over the course of all the surveys
than spatial variability during any single survey.
The dissolved oxygen and pH in West Lake averaged 130.3 ± 27.7 µmol kg-1 with a
range of 132.1 µmol kg-1 and 7.85 ± 0.1 with a range of 0.6 units, respectively (Figure 4; Table
5). Both DO and pH showed significant differences between the survey dates (p < 0.01).
Through all the surveys, the minimum pH in West Lake was 7.48, 0.15 units lower than the
minimum in Whiskey Creek (WC = 7.63). DO and pH were highly correlated (R2 = 0.61; p <
0.01; Figure 7), most likely due to the impacts of metabolic activity on seawater chemistry. Both
DO and pH displayed a weak, positive relationship with SST and salinity
There was considerable spatial variability in carbonate chemistry in West Lake, with
concentrations ranging from 117 to 519 µmol kg-1 and 183 to 692 µmol kg-1 for TA and DIC,
respectively, during any one sampling day (Figure 8). Between the sampling dates, however,
there was no significant difference in the means of TA (p = 0.08) nor DIC (p = 0.28). Overall,
TA and DIC averaged 2874.7 ± 97.1 µmol kg-1 and 2780.8 µmol kg-1, respectively, and both
had broad ranges of 519.0 µmol kg-1 and 766.7 µmol kg-1, respectively (Table 5). TA and DIC
were strongly correlated to each other (R2 = 0.73, slope = 0.66; p < 0.01) (Figure 10), but both
showed weak relationships with salinity within West Lake (Figure 11).
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Comparing the Sites
Due to logistical considerations, Whiskey Creek and West Lake could not be sampled at
the same dates and times. Therefore, any comparison between the two systems were not analyzed
statistically, however, qualitative comparisons add insight into the variability of seawater
carbonate chemistry and its drivers between the two systems. The mean sea surface temperature
(WC = 31.1, WL = 30.6°C), salinity (WC = 33.0, WL = 30.5), dissolved oxygen (WC = 132.0,
WL = 130.3 µmol kg-1), and pH (WC = 7.89, WL = 7.85) remained comparable between
Whiskey Creek and West Lake throughout the study (Figure 12; Table 5). At both sites, most
environmental parameters exhibited greater variability in all environmental parameters
temporally (day-to-day) between the different survey dates than spatially (station-to-station)
during any single survey. However, in West Lake park, the magnitude of variability in DIC and
TA was similar between the different days and within the system. In both systems, SST and
salinity showed a complex curvilinear response most likely due to different regimes of
freshwater input, with a more linear response during times of high freshwater input and
decoupling that occurred with minimal freshwater input (Figure 5). DO and pH were highly
correlated to each other in both sites (WC: R2=0.70, WL: R2 = 0.61) (Figure 7), indicating that
respiration drives changes in pH.
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The mean concentrations of TA (WC = 2916.3, WL = 2874.7 µmol kg-1) and DIC (WC =
2780.3, WL = 2780.8 µmol kg-1) were similar between the two sites. The slopes between TA and
DIC of both systems were significantly different from each other (p < 0.05). However, in both
systems, TA and DIC were highly correlated (WC: R2 = 0.90, WL: R2 = 73), which is common
in coastal ecosystems. Despite the similar means, Whiskey Creek displayed more variability in
TA and DIC through space and time than West Lake. The relationships between salinity and TA
and DIC were significantly different between the systems (p < 0.01). Whiskey Creek had a weak,
positive relationship between salinity and TA and West Lake showed a weak, negative
relationship. In both systems, however, there was a negative relationship between salinity and
DIC (Figure 11), with significant differences between the slopes of the two systems (p < 0.01).
This indicates that there was a freshwater source of both alkalinity and inorganic carbon to the
two systems. Freshwater endmembers were calculated based on the y-intercept of the salinity and
TA and DIC relationships for both systems, indicating a source of both TA and DIC above the
mean concentrations of seawater (Table 4).
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Discussion
The main goal of this study was to characterize the spatial and temporal variability in the
seawater carbon chemistry of two urban mangrove ecosystems in South Florida. Natural
variability has important implications into how the environmental conditions of dynamic coastal
systems will change in response to global ocean acidification (Duarte et al. 2013; Kapsenberg
and Cyronak 2019; Pacella et al. 2018; Shaw et al. 2013). Spatiotemporal measurements from
Whiskey Creek and West Lake support previous studies that demonstrate extreme and variable
conditions in the seawater temperature, salinity, oxygen, and correspondingly, the carbon
chemistry of mangrove ecosystems. Likely sources of this variability include freshwater inputs
such as runoff and groundwater, localized ocean weather, and metabolic activity occurring in the
benthos.
The ‘ocean weather’ of coastal systems refers to the dynamic nature of seawater
properties through space and time, similar to weather in the atmosphere (Bates et al. 2018;
Waldbusser and Salisbury 2014). Variations in coastal seawater properties are driven by a range
of physical and biogeochemical processes including mixing of water masses, terrestrial and/or
groundwater inputs, ecosystem metabolism, and air-sea gas exchange (Kapsenberg and Cyronak
2019). Because of these diverse drivers, localized shifts in ocean weather can occur over
timescales from minutes to seasons, as opposed to changes in climate which occurs over decades.
Precipitation varied over the course of the study period, with times of intense tropical rainfall
which coincided with drops in salinity in both systems (Figures 3 & 4). During these times, the
ratio of TA to DIC (TA:DIC) was lower, indicating a reduced buffering capacity. In contrast to
the open ocean, shifts in precipitation can cause discernable changes in coastal carbon chemistry
(Reithmaier et al. 2021a). In subtropical coastal Australia, Reithmaier et al. (2021a) showed that
episodic rainfall was a driver of estuarine alkalinity, dissolved inorganic carbon, and nutrients.
Similarly, we demonstrated that rainfall leads to a measurable decrease in temperature and
salinity, accompanied by changes in carbon chemistry. In Whiskey Creek, reduced salinity was
associated with an increase in both TA and DIC indicative of a freshwater source of both.
However, DIC showed a stronger relationship with salinity which caused the TA:DIC ratio to
decrease leading to a lower pH (Figure 13). In West Lake the relationship of TA and DIC with
salinity was mixed. While both resulted in a reduction in pH (Figure 13), the relationship
between TA and salinity, though weak (R2 = 0.05), was positive (Figure 11). Although TA was
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high in the freshwater endmember compared to the open ocean, in both systems, decreases in
salinity led to detectable changes in the carbon chemistry, which could be due to numerous
processes including increased fluxes of runoff and groundwater associated with greater
precipitation and changes in ecosystem metabolism associated with inputs of nutrients and
organic carbon.
Groundwater has shown to be an important control on the coastal carbon cycle (Maher et
al. 2013; Reithmaier et al. 2021a; Santos et al. 2019; Sippo et al. 2016) with higher
concentrations of TA and DIC than is usually found in surface waters. Fresh groundwater
coming from land can be a substantial contributor to the surface water chemistry, while
recirculated seawater can also modify surface waters (Santos et al. 2012; Taniguchi et al. 2019).
In some cases, the concentrations of TA exported out of groundwater can be high enough to have
the capacity to buffer the coast on a local scale (Ho et al. 2017; Reithmaier et al. 2021a;
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Reithmaier et al. 2020; Sippo et al. 2016), although this buffering capacity is highly dependent
on the ratio of TA:DIC in the groundwater. Based on the relationships between salinity and TA
and DIC in our current study (Figure 11), and the fact that there are no large surface freshwater
sources (i.e., rivers), it is likely that groundwater is an important control on the carbon chemistry
of both urban mangrove systems. Both systems had estimated freshwater endmember
concentrations of TA and DIC higher than the concentrations of offshore seawater (Table 4).
However, while each system had different concentrations of freshwater TA and DIC, both had
similar TA:DIC ratios (WC = 0.95, WL = 0.94). While the freshwater source to both systems had
increased alkalinity, the impact on pH and other critical carbon chemistry variables is driven by
the ratio of TA:DIC along with changes in temperature, salinity, and pressure (Wang et al. 2013;
Zeebe and Wolf-Gladrow 2001). A TA:DIC ratio lower than 1 is likely to worsen ocean
acidification by reducing pH and buffering capacity (Figure 13), while TA:DIC ratios above
those of seawater could help to mitigate ocean acidification. Both Whiskey Creek and West Lake
showed similarities this relationship as their slopes showed no significant differences (p = 0.71).
The slopes of the relationship between salinity and TA:DIC ratio, however, were significantly
different between the two systems (p < 0.01). Therefore, depending on the mixing of offshore
seawater and the magnitude of freshwater sources, the pH and buffering capacity of either
mangrove system will be impacted on various timescales (days to seasons).
Benthic metabolism can also be a main driver of the carbon chemistry of mangrove
estuaries and salt marshes (Zablocki et al. 2011). In mangrove ecosystems, much of the area is
intertidal and many studies have found tidal pumping to be a major pathway for moving carbon
out of the sediments (Reithmaier et al. 2021a; Zablocki et al. 2011). To examine the impact of
different metabolic processes on the variability of the carbon chemistry, we examined how TA
and DIC varied from expected conservative mixing (ΔTA and ΔDIC) and the resulting
relationship between ΔTA and ΔDIC. In both systems TA and DIC were above the conservative
mixing line between the estimated freshwater and seawater endmembers, indicating a strong
source of TA and DIC (Figure 14). The slope of the relationship between ΔTA and ΔDIC can
help determine the various biogeochemical processes responsible for the excess alkalinity and
inorganic carbon. Different biogeochemical processes produce and consume alkalinity and
dissolved inorganic carbon in conserved ratios (Table 2) (Krumins et al. 2013; Sippo et al. 2016).
In this study, the slope of the ΔTA and ΔDIC linear regression was significantly different
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between the systems (p < 0.01), however they were relatively similar compared to differences
observed in other coastal systems (WC: slope = 0.86, WL: slope = 0.75). Based on the TA-DIC
slopes, and the strong relationships between oxygen, pH and DIC, there are most likely multiple
processes driving the changes in carbonate chemistry. Sulfate reduction and subsequent pyrite
burial was shown to be a significant source of TA and DIC to mangrove systems in the Florida
Everglades (Reithmaier et al. 2021b), which would result in a TA to DIC source ratio of 1:1. The
negative relationship between DIC and oxygen concentration indicate that respiration is playing
a significant role in carbon chemistry dynamics. However, the relatively high slopes in both
systems indicate that some process is producing TA and DIC in a higher ratio, as photosynthesis
and respiration would pull the slope down towards 0. It is likely that processes related to sulfate
reduction in the porewaters and groundwaters could play a significant role in driving the
dynamic variability in carbon chemistry of these two systems. However, denitrification (TA:DIC
= 0.8) and calcium carbonate dissolution (TA:DIC = 2) cannot be eliminated and likely play a
role, especially considering the karst bedrock in the local watershed. Future analysis of other
solutes such as alkaline earth metals (e.g., Ca2+, Mg2+, and Sr2+) could help to tease out the
relative role that these other processes play.
Ocean acidification refers to the effects that anthropogenic CO2 additions to the
atmosphere are having on seawater carbon chemistry, with impacts to the seawater carbon
chemistry not seen in the past 1 million years (Hönisch et al. 2012; Pelejero et al. 2010).
However, results from this and other studies have shown that in shallow coastal waters, the
environmental conditions anticipated for the open ocean due to ocean acidification already exist.
While the open ocean is relatively stable (Bates et al. 2014), these coastal areas already exhibit
wide ranges and intense variations in their natural state, in addition to any added anthropogenic
influence (Camp et al. 2019; Duarte et al. 2013; Kapsenberg and Cyronak 2019). Over distances
of no more than 3 km along the coast, our study found ranges in the carbon chemistry that would
not be found across the global ocean over such distances and time scales. For example, a timeseries of 7 global locations monitored for 15 – 30 years reported a change in surface pH of
~0.0013-0.0025 units per year, depending on the site (Bates et al. 2014). In contrast, pH ranged
from 0.48 – 0.60 units over the course of 3 months in Whiskey Creek and West Lake. Because
mangroves have such extreme variability, organisms that live there could be better adapted and
potentially have more resilience to global ocean acidification (Kapsenberg and Cyronak 2019).
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However, while research has indicated an increased resilience in organisms that are regularly
subject to variable conditions, at some point the progression of ocean acidification could exceed
even their expanded ranges. The short-term changes in buffering capacity we observed linked to
dynamic day-to-day changes in TA:DIC likely means that ocean acidification can be worsened
and mitigated over those timescales. The fact that the ratio of TA:DIC is below 1 in the
combined source of TA and DIC to both systems indicates that future ocean acidification could
be exacerbated in both systems (Cyronak et al. 2018b). In terms of active mitigation,
biogeochemical processes such as groundwater inputs could be effectively monitored and
potentially used to combat ocean acidification on local scales.
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Conclusions
This study captured the variable nature of carbonate chemistry within two South Florida
urban mangrove ecosystems and how their physical and biogeochemical parameters reach
extremes across short spatial distances and timescales. As anthropogenic CO2 emissions
continue, it is critical to understand how natural changes in seawater chemistry, and their drivers,
will interact with global climate change. This study revealed how freshwater inputs can impact
the buffering capacity of coastal ecosystems. The ratio of TA:DIC varied significantly from dayto-day, indicating that changes in pH could be exacerbated or buffered due to the mixing of fresh
and ocean water. There were, however, other biogeochemical processes occurring within both
mangrove systems that impacted the TA:DIC ratio which could alter local ocean acidification
trajectories. The myriad of processes continually changing over such short timescales makes it
difficult to determine how the seawater carbonate chemistry of dynamic coastal systems will
change with ocean acidification and more modelling studies are needed to address this.
Identifying the drivers of seawater buffer capacity in coastal ecosystems could provide a way for
managers and conservationists to locally mitigate the global trend of ocean acidification.
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